By using the Weather Research and Forecasting (denoted as WRF) model driven by two super-high-resolution global models, High Resolution Atmospheric Model (denoted as HiRAM) and Meteorological Research Institute Atmospheric General Circulation Model (denoted as MRI), this study investigates the dynamical downscaling simulation and projection of extreme precipitation activities (including intensity and frequency) in Taiwan during the Mei-Yu seasons (May and June). The analyses focus on two time period simulations: the present-day (1979 -2003, historical run) and the future (2075 -2099, RCP8.5 scenario). For the present-day simulation, our results show that the bias of HiRAM and MRI in simulating the extreme precipitation activities over Taiwan can be reduced after dynamical downscaling by using the WRF model. For the future projections, both the dynamical downscaling models (i.e., HiRAM-WRF and MRI-WRF) project that extreme precipitation will become more frequent and more intense over western Taiwan but less frequent and less intense over eastern Taiwan. The east-west contrast in the projected changes in extreme precipitation in Taiwan are found to be a local response to the enhancement of southwesterly monsoonal flow over the coastal regions of South China, which leads to an increase in water vapor convergence over the windward side (i.e., western Taiwan) and a decrease in water vapor convergence over the leeward side (i.e., eastern Taiwan). Further examinations of the significance of the projected changes in extreme precipitation that affect the agriculture regions of Taiwan show that the southwestern agriculture regions will be affected by extreme precipitation events more frequently and more intensely than the other subregions. This finding highlights the importance of examining regional differences in the projected changes in extreme precipitation over the complex terrain of East Asia.
Introduction
Extreme precipitation has always been a crucial research subject in many countries (e.g., Endo et al. 2009; Agel et al. 2015; Herman and Schumacher 2016; Loriaux et al. 2017) . In Taiwan, long-term climatic statistics show that the Mei-Yu season (May and June, or MJ) is one of the major precipitation periods, and approximately 26.3 % of annual precipitation falls during this period (estimated from Fig. 1 of Chen et al. 2004) . Although the Mei-Yu season precipitation can provide the water supply for people's livelihoods in Taiwan, it is common to see extreme precipitation events during this period bring disastrous floods and result in economic losses to agriculture. For example, heavy rainfall induced by the Mei-Yu front system from June 2 to June 4, 2017 caused significant damage in Taiwan. Approximately 6,000 hectares of cropland were destroyed, and the economic losses from this natural disaster reached approximately 9 million (U.S. dollars) according to the Council of Agriculture, Executive Yuan in Taiwan. Extensive studies examining the observational data have found that Mei-Yu season extreme precipitation in Taiwan is mostly attributed to the frontal types of precipitation events (including the rainstorms embedded in the frontal system) (e.g., Chen et al. 1989; Chen and Chen 2003; Yeh and Chen 2004; Chen et al. 2011; Wu et al. 2016) . Huang and Chen (2015) further noted that the occurrence frequency of frontal precipitation in Taiwan declined (a negative trend) during the Mei-Yu seasons of 1982 -2012, which was due to the changes in the East-Asian monsoonal circulation over the past several decades. It is likely that future changes in the East-Asian monsoonal circulation might also play an important role in affecting the Mei-Yu season extreme precipitation activities in Taiwan.
Many studies have compared the present-day simulation and the future projection of extreme precipitation over various countries by using global models to assess future climate changes (e.g., Walsh et al. 2008; Dulière et al. 2011; Shi and Durran 2015; Suzuki et al. 2015; Park et al. 2016) . According to the Intergovernmental Panel on Climate Change (IPCC) reports (IPCC 2013) , most global models project that extreme precipitation is very likely to become more intense and more frequent over most of the mid-latitude land masses and wet tropical regions. However, it is well-known that most global models cannot capture the regional precipitation features over areas with complex terrains well (Huang and Wang 2017) . Therefore, more studies tend to assess the future changes in precipitation in Taiwan by using dynamical downscaling methods (i.e., using the outputs of global models to drive a higher-resolution regional model) (e.g., Huang et al. 2016a, b, c) . For example, Huang et al. (2016a, b) used Weather Research and Forecasting (WRF) driven by two super-high-resolution global models and noted that the dynamical downscaling approach adds valuable information in the present-day simulation of diurnal precipitation over Taiwan and nearby regions (including South China and Luzon). Huang et al. (2016a, b) and others (e.g., Huang and Wang 2017) showed that most global models have problems capturing the right timing of the appearance of the diurnal precipitation maximum in Taiwan. Such a bias can be reduced using the WRF dynamical downscaling simulation (Huang et al. 2016a, b) . As inferred from these documented studies, the use of a WRF dynamical downscaling approach might be a good method to reduce the bias of global models in simulating the Mei-Yu season extreme precipitation activities over Taiwan. This issue has not been examined by Huang et al. (2016a, b) or other studies, and it is examined herein.
The main objectives of this study are as follows: (1) to clarify whether the WRF dynamical downscaling approach can add valuable information when simulating the Mei-Yu season extreme precipitation activities (including intensity and frequency) in Taiwan; (2) to clarify whether the projected changes in the Mei-Yu season extreme precipitation activities in Taiwan are location dependent; and (3) to clarify whether the findings of issues (1) and (2) are dependent on the models. The analyses were particularly focused on the projected changes in extreme precipitation activities over agricultural regions because it can provide useful information to the local government when establishing long-term disastrous prevention policies. Detailed information on the models, the observational data, and the analysis methods are introduced in Section 2. Comparisons of the abilities of the models to simulate the extreme precipitation activities in Taiwan during the present-day (1979 -2003 , under the historical run) are presented in Section 3. The projected changes, which are defined as the difference between the future projection at the end of the 21st century (2075 -2099, under the RCP8.5 scenario) and the present-day simulation, are documented in Section 4. A discussion of the possible causes of the projected changes in the extreme precipitation activities in Taiwan is given in Section 5. A concluding remark is provided in Section 6.
Models, observations, and methodology

Models
Throughout this study, the analyses are based on two time period simulations at the present-day (1979 -2003, under the historical run) and at the end of the 21st century (2075 -2099, under the RCP8.5 scenario). Here the output from two super-high-resolution global models are adopted to drive the regional model in higher spatial resolution (i.e. dynamical downscaling models). The first global model we used is the High Resolution Atmospheric Model (HiRAM), which has a horizontal resolution of approximately 25 km and originated from the Geophysical Fluid Dynamics Laboratory (GFDL) Atmospheric Model version 2.1 (Zhao et al. 2009) . The second global model we used is the Meteorological Research Institute Atmospheric General Circulation Model version 3.2 (MRI-AGCM 3.2; hereafter MRI), which has a horizontal resolution of approximately 20 km and was jointly developed by the Japan Meteorological Agency and the Meteorological Research Institute (Mizuta et al. 2012) . The dynamical downscaling experiments, which have a 5-km horizontal resolution, are conducted using the WRF model version 3.5.1 (Skamarock et al. 2008) driven by HiRAM and MRI. Hereafter, WRF driven by HiRAM and MRI are denoted as HiRAM-WRF and MRI-WRF, respectively. Figure 1 shows the domain used for the dynamical downscaling simulations. In WRF, the planetary boundary layer simulations use the Noah land surface model (Tewari et al. 2004) , the Yonsei-University boundary layer scheme (Hong et al. 2006) , and the Monin-Obukhov surface layer scheme (Monin and Obukhov 1954) . The microphysics parameterizations use the WRF Single-Moment five-class schemes (Hong et al. 2004) . The CAM3 (version 3 of NCAR Community Atmosphere Model) radiation scheme (Collins et al. 2004 ) is used and the RCP8.5 greenhouse gas (GHG) concentration is considered in the longwave radiation calculation. No cumulus parameterizations are applied for reasons given in Huang et al. (2016c) . Spectral nudging (Miguez-Macho et al. 2004 ) is applied to the atmospheric conditions only and not to the boundary layer. The wavenumber used for the spectral nudging in WRF is 4, the cutoff wavelength is approximately 2000 km/4 = 500 km, and the meso-alpha scale feature of global models is kept. The nudged variables are horizontal winds, temperature, and geopotential height from top of the planetary boundary layer to the top of the model. The nudging coefficient is 0.0003 s −1 , which is the default value in WRF. These WRF settings follow Huang et al. (2016a, b, c) . The sea surface temperature (SST) warming pattern used in HiRAM, MRI global model runs, and HiRAM-WRF, MRI-WRF regional runs are the same, which is the multi-model ensemble mean of future changes (between 2075 -2099 and 1979 -2003) in long-term climatological means and linear trends projected by 28 CMIP5 models. This SST warming pattern is the same as the ensemble mean pattern used in Kitoh and Endo (2016) and Kusunoki (2018) . In this study, only this SST warming pattern is added to the observed monthly SST that retained the observed interannual variability in 1979 -2003. The four SST warming patterns defined by Mizuta et al. (2014) based on cluster analysis were not used in this study.
Observational data and methodology
To evaluate the capabilities of the models in illus- ) at the present-day (future) were obtained by averaging the precipitation on all days of May and June from 1979 -2003 (2075 -2099) .
To quantitatively clarify the changes in extreme precipitation events, many studies (e.g., Haylock et al. 2006; Nowbuth 2010; Bürger et al. 2012; Ning et al. 2015; Kim et al. 2018 ) have adopted the Statistical and Regional dynamical Downscaling of Extremes (STARDEX; https://crudata.uea.ac.uk/projects/stardex/ deis/Core_Indices.pdf) indices suggested by the European Union. In this study, two frequently used core indices, prec90p and R90N, from STARDEX were adopted to help quantitatively measure the extreme precipitation activities (including intensity and frequency). The prec90p (unit: mm day −1 ), which represents the 90th percentile of rainfall intensity, is obtained by the following steps. First, all examined rainy days (defined as days with precipitation > 0.1 mm day −1 ) are ranked from small to large based on the magnitude of their related daily precipitation areaaveraged over Taiwan. Second, the value of the areaaveraged precipitation intensity ranked at the 90th percentile (i.e., top 10 %) is defined as prec90p. Then, days with the daily precipitation area-averaged over Taiwan larger than prec90p were selected to make the composites of intensity for extreme precipitation events (denoted as PR90). Table 1 reports the present-day values of prec90p estimated from the observations and models. It should be noted that a model with a more realistic prec90p value (i.e., the value for a precipitation event ranked at the 90th percentile) would not necessarily imply a more realistic PR90 (i.e., the average value for cases with precipitation ranked above the 90th percentile) (e.g., Acharya et al. 2017) . The R90N (unit: days per MJ), which represents the number of days with daily precipitation intensity larger than prec90p, was counted for each grid over the domain of Taiwan (Fig. 2a) to make the composites of occurrence frequency for extreme precipitation events. In this study, the thresholds used for the composites of selected variables (PR90 and R90N) in the future are the same as those used for the composites in the present-day. In Section 4, the percentage of projected changes of selected variables relative to the present-day values is obtained based on Eq. (1):
To determine the significance of projected changes (i.e., future minus present) in selected variables, a two-tailed student's t-test was used based on the effective degrees of freedom (Von Storch and Zwiers 1999).
Present-day simulation
From the observational topography (shaded area in Fig. 2 ), it is noted that Taiwan is characterized by a complex local topography, with north-south-oriented high mountains located at the central region. Divided by the central high mountains, the slope in the east of Taiwan is steeper than that in the west where vast plains are located. The comparison of these observational characteristics with the topography used in HiRAM (red contours in Fig. 2a ) and MRI (red contours in Fig. 2b ) shows that the complicated high mountain range over central Taiwan cannot be represented well in either HiRAM or MRI. In contrast, the topography used in WRF (red contours in Fig. 2c ) depicts a more delicate Taiwan terrain structure. Previous studies have suggested that terrain plays an important role in modulating precipitation (e.g., Smith 1980 Smith , 1989 Ogura and Yoshizaki 1988; Wang and Chang 2012) . Furthermore, according to the review of Kitoh (2017) , the improvements in precipitation simulation by regional climate models (as compared to global climate models) might be caused by the better representation of topography and underlying land surface, with an urban canopy scheme included in some regional models. As WRF has a better representation of topography than HiRAM and MRI (Fig. 2) , a dynamical downscaling simulation using WRF might produce a more realistic representation of Mei-Yu season precipitation in Taiwan.
To prove the above assumption, we first evaluated the spatial distribution of the climatological mean of Mei-Yu season precipitation (Pav; Fig. 3 ) over Taiwan extracted from observation and model simulations at the present-day (1979 -2003) . From the observation (Fig. 3a) , it is noted that Pav generally has maximum values over central and southwest Taiwan, where the windward side of the mountains frequently interact with the prevailing southwesterly monsoonal flow . For HiRAM (Fig. 3b) and MRI (Fig. 3c) , the distribution of maximum values of Pav is mostly located over eastern Taiwan. In contrast, HiRAM-WRF (Fig. 3e) and MRI-WRF (Fig. 3f) simulated the maximum mean precipitation values mainly in the central mountain region of Taiwan. Visually, it seems that HiRAM-WRF and MRI-WRF are more capable than HiRAM and MRI in depicting the spatial distribution of Pav in Taiwan. To provide the statistical evidence for this suggestion, we evaluated the spatial correlation coefficient (SCC) and the root-mean-square error (RMSE) between the simulated and the observed Pav and summarize the results in Fig. 3d . Indeed, compared to the Pav simulated by HiRAM-WRF and MRI-WRF, the Pav simulated by HiRAM and MRI have higher RMSE values and lower SCC values. However, it should be noted that even though the downscaled simulation of precipitation distribution is more realistic than that of the related global model, it still suffers some eastward displacement. This bias represents the fact that HiRAM-WRF and MRI-WRF tend to produce more precipitation in the high mountains than on the windward side of the high mountains (i.e., the areas with larger Pav in the observation). As inferred from this result, it is expected that a similar bias might also exist in the dynamical downscaling simulation of extreme precipitation over Taiwan.
To clarify the above inference, we evaluated the model performances in simulating the composites of precipitation intensity for extreme events (i.e., PR90; see Section 2 for definition) at the present-day. From the observation (Fig. 4a) , it is noted that the maximum values of PR90 are located in the central and southwest region of Taiwan, which is similar to that of Pav (Fig. 3a) . The close relationship between Pav and PR90 over Taiwan is revealed not only during the Mei-Yu season but also in other seasons as well (not shown). However, when examining the larger domain of variables shown in Fig. 3a and Fig. 4a (not shown), we found that the similarity between Pav and PR90 does not appear over other nearby land areas (e.g., Southeast China). This suggests that the aforementioned close relationship between Fig. 3a and Fig. 4a is a local feature (i.e., location dependent).
Focusing on the domain of Taiwan, the similarity between Pav and PR90 is revealed not only in the observation but also in the model simulations. For example, the aforementioned model bias regarding the pattern shift of Pav is also revealed in the simulation of PR90 in both HiRAM (Fig. 4b) and MRI (Fig. 4c) simulations. Compared to Figs. 4b and 4c, the related dynamical downscaling simulations (Figs. 4e, f) are more capable of representing the location of maximum PR90 over the central mountain range that are similar to the observations. Statistical examinations of the SCC and RMSE for the comparison between observed and simulated PR90 (see Fig. 4d ) show that the dynamical downscaling simulations (i.e., HiRAM-WRF and MRI-WRF) have a better skill (i.e., higher SCC value and lower RMSE value) than its related global models (i.e., HiRAM and MRI) in depicting the spatial distribution of PR90. However, similar to what was inferred from the result of Fig. 3 , HiRAM-WRF and MRI-WRF also suffer some eastward displacement in the simulation of PR90, even though the bias is much smaller compared to what is revealed in HiRAM and MRI.
In Fig. 4 , the difference between HiRAM-WRF and MRI-WRF is clearly observed. Kitoh (2017) has noted that because the boundary conditions of regional downscaling models originally come from global models, the large-scale circulation component of the projections in the regional downscaling models will not change much from that of the parent global models. Consistent with Kitoh (2017) , we note that the large difference between HiRAM-WRF and MRI-WRF in Fig. 4 comes from the large difference between their parent global models (i.e., HiRAM and MRI). On the other hand, despite the fact that the simulated magnitudes of Pav and PR90 over Taiwan by HiRAM-WRF and MRI-WRF are smaller than those simulated by their respective global models, the SCC and RMSE of HiRAM-WRF and MRI-WRF are closer to observations than the global models (Fig. 4d) . This suggests that the dynamical downscaling method adds value to the simulation of Pav and PR90.
Next, we compared the observed and simulated spatial distributions of R90N (see Section 2 for definition) at the present-day to determine the abilities of the models to illustrate the occurrence frequency of extreme precipitation. It is noted that the areas with larger R90N values (Fig. 5) are also the areas with larger PR90 values (Fig. 4) . This feature is true for both the observation and the model simulations. Relative to their related global models, HiRAM-WRF and MRI-WRF have higher SCC values and lower RMSE values in simulating R90N over Taiwan (see Fig. 5d ). The consistent findings revealed in Figs. 3 -5 lead to a suggestion that the dynamical downscaling approach not only add values in the simulation of mean status of precipitation but also add values in the simulation of extreme precipitation activities (including intensity and frequency) during the Mei-Yu seasons. Based on these results, we then adopted only HiRAM-WRF and MRI-WRF for the rest of the examinations and discussions of issues related to future projections. Figure 6 shows the percentage of projected changes (see Eq. 1 for method of calculation) in Pav, PR90, and R90N area-averaged over Taiwan, estimated by HiRAM-WRF and MRI-WRF during the Mei-Yu seasons of the future (2075 -2099) and the present (1979 -2003) . Overall, both HiRAM-WRF and MRI-WRF project an increase (< 15 %) in Pav, PR90, and R90N area-averaged over Taiwan in the future compared to the present. Despite the magnitude difference between HiRAM-WRF and MRI-WRF, the sign of projected changes shown in Fig. 6 is found not to be model dependent. However, statistical examinations show that none of the changes in Fig. 6 passed the significance test with 90 % confidence intervals. This leads us to question whether the local community should worry about the future changes in Mei-Yu season extreme precipitation changes in Taiwan. This issue is examined further herein.
Future projection
In view of earlier literature (e.g., Huang and Wang 2017), most studies that examined the projected changes in Mei-Yu season precipitation over Taiwan have mainly considered Taiwan as a whole but have not paid attention to regional differences. This study is different from previous studies, as it is also interested in understanding (1) whether or not there is a regional difference in the projected changes in Mei-Yu season extreme precipitation in Taiwan and (2) how the agricultural regions over Taiwan will likely be affected by the Mei-Yu season extreme precipitation changes in the future. To answer the first question, we examined the spatial distribution of the projected changes in Pav, PR90, and R90N over Taiwan estimated by HiRAM-WRF and MRI-WRF, based on the differences between the Mei-Yu seasons of the future (2075 -2099) and the present (1979 -2003) . The results are given in Fig. 7 . Notably, the distribution of the projected changes in Pav, PR90, and R90N (see Fig. 7 ) is characterized by a clear east-west contrast, with positive (negative) values in the west (east) side of the mountain range. Such a similarity between the projected changes in Pav, PR90, and R90N leads to the suggestion that not only the mean precipitation but also the extreme precipitation will enhance (suppress) in western (eastern) Taiwan in the future during the Mei-Yu seasons. Most importantly, unlike the areaaveraged values over the whole Taiwan region (Fig. 6 ) that do not reveal significant changes due to the cancellation between positive (western side) and negative (eastern side) changes, the changes in Pav, PR90, and R90N become significant when examining their regional distributions (Fig. 7) . Furthermore, based on the geographical location and the sign of projected changes shown in Fig. 7 , we divided the agricultural regions of Taiwan into three areas (Fig. 8) to examine the related future changes. Figure 9 shows the percentage change in the projected differences between the future and the present (see Eq. 1 for method of calculation) for the selected indices (i.e., Pav, PR90, and R90N) area-averaged over the northwestern agricultural region (blue slash in Fig. 8 ), the southwestern agricultural region (red dot in Fig.  8 ), the eastern agricultural region (purple backslash in Fig. 8) , and all of the agricultural regions of Taiwan. (1) listed in Section 2. The abbreviations of NW, SW, E, and TW represent the agricultural regions (marked areas in Fig. 8 ) of northwestern Taiwan, southwestern Taiwan, eastern Taiwan, and Taiwan as a whole, respectively. The change in percentage significant at 90 % confidence intervals is marked by an asterisk. The Student's t-test of Pav is calculated with the annual mean value from each year, following Kimoto et al. (2005) .
For the northwestern agricultural region, projected increases in Pav, PR90, and R90N are revealed in both the HiRAM-WRF and MRI-WRF simulations, but only the increase in Pav and PR90 projected by MRI-WRF passed the significance test. In contrast, the southwestern agricultural region shows a significant increase (more than 25 %; see Fig. 9 ) in Pav, PR90, and R90N, as projected by HiRAM-WRF and MRI-WRF. For the eastern agricultural region, decreases in Pav, PR90, and R90N are projected by both HiRAM-WRF and MRI-WRF; however, only the projected changes in PR90 passed the significance test. Most of Pav, PR90, and R90N (except PR90 in HiRAM-WRF) are projected to significantly increase in the future, when considering the agricultural regions of Taiwan as a whole. Obviously, when looking into the regional differences over the agricultural regions, the potential impact of future changes in the Mei-Yu season extreme precipitation in Taiwan becomes nonignorable. These findings highlight the importance of examining the regional differences over complex terrain (such as Taiwan), in addition to the frequently discussed areaaveraged values, when projecting the future changes of extreme precipitation activities. This information is particularly important to the local community, because it suggests that different long-term plans are necessary for different regions to prevent the potential damage from future changes in extreme precipitation during the Mei-Yu seasons.
Notably, because the main difference between Figs. 6 and 9 is the mountainous region being included or not, one might infer from Figs. 6 and 9 that the projected changes in Pav, PR90, and R90N for the mountainous region are not significant. Indeed, by calculating the changes over the mountainous region for Pav, PR90, and R90N (not shown), we note that the changes are small (due to the cancellation between the positive values in most western mountainous areas and the negative values in most eastern mountainous areas) and not significant (at the 90 % confidence interval).
Possible explanation of projected change in extreme precipitation activities
What might be the causes for the extreme precipitation to become more (less) frequent and more (less) intense over western (eastern) Taiwan in the future than in the present-day? Previous observational studies have suggested that the formation of Mei-Yu season heavy precipitation events over Taiwan might be attributed to the intensification of (1) orographic lifting (i.e., windward side) of southwesterly monsoon wind (e.g., Smith 1989; Chen et al. 2005; Sampe and Xie 2010) and (2) water vapor flux convergence (e.g., Johnson and Bresch 1991; Huang and Chen 2015) . Therefore, examining the changes in these two factors between the future and present-day might give us a clue for determining the projected changes in Mei-Yu season extreme precipitation activities over Taiwan. This is discussed below.
First, prior to detailed examination, we evaluated the capability of models in simulating the present-day atmospheric circulation. Here, the present-day observed wind fields were extracted from Modern Era Retrospective-Analysis for Research and Applications (MERRA) reanalysis data (Rienecker et al. 2011) , following Huang et al. (2016c) . Figure 10 shows composites of the low-level circulation for the Mei-Yu season extreme precipitation days (i.e., days with area-averaged daily precipitation ranked in the top 10 %) extracted from present-day MERRA reanalysis data ( Fig. 10a) , HiRAM-WRF (Fig. 10b ) and MRI-WRF (Fig. 10c) . By comparing Fig. 10a with Figs. 10b, c, it can be seen that present-day simulations with both HiRAM-WRF and MRI-WRF are capable of reproducing the MERRA reanalysis data that Taiwan is under the influence of southwesterly monsoonal flow at the low level. To quantitatively evaluate the wind fields, we calculated the spatial correlation of vorticity between Fig. 10b (Fig. 10c) and Fig. 10a , and the value is larger than 0.73 (0.68) and is significant at the 90 % confidence interval.
After verifying the capability of the WRF dynamical downscaling method in simulating present-day atmospheric circulation, we compared the differences between the composites of low-level circulation superimposed with precipitation for the Mei-Yu season extreme precipitation days in the present-day (Figs.  11a, b) and its projected changes in the future (Figs.  11c, d ). As seen in Fig. 11 , HiRAM-WRF and MRI-WRF both project that the low-level southwesterly monsoonal flow along the coastal regions of South China will be stronger in the future than in the present-day, despite the difference that the projected change in wind direction is more southerly in HiRAM-WRF but more westerly in MRI-WRF. Note that western (eastern) Taiwan is on the windward (leeward) side of the intensification of low-level southwesterly monsoonal winds. Considering the effect of orograph- ic lifting, it is reasonable to find that the low-level wind convergence is projected to be enhanced (suppressed) over western (eastern) Taiwan (figure not shown). This change in dynamical lifting and associated low-level wind convergence are the possible causes explaining why HiRAM-WRF and MRI-WRF both project that extreme precipitation will become more (less) frequent over western (eastern) Taiwan. Many studies examining the characteristics and causes of precipitation changes over Taiwan during the past have suggested that the changes in precipitation over Taiwan are location dependent and occur in response to changes in related atmospheric circulation (e.g., Chen et al. 2010; Chou et al. 2011; Tu and Chou 2013) . This suggestion can also explain the projected changes in extreme precipitation over Taiwan and surrounding regions seen in Figs. 11c and 11d that show extreme precipitation will be enhanced (suppressed) over the windward (leeward) side of Taiwan, Southeast China, and Luzon. Notably, according to the definition of PR90, the date of the PR90 composite shown in Fig. 11 is common among all grids. One might question whether the features revealed in Fig.  11 would be drastically changed if different composite dates suitable for only extreme precipitation on the eastern side of Taiwan were selected. To clarify this concern, we conducted additional examinations (not shown) and confirmed that similar features can be found even when composite dates suitable for only the extreme precipitation on the eastern side were selected.
Regarding the causes of past and future changes in atmospheric circulation simulated by various global models, a detailed review of the literatures can be found in Kitoh (2017) . Unfortunately, the two global models used in this study (i.e., HiRAM and MRI) do not provide simulations driven by different forcings (e.g., natural variability and anthropogenic forcing). Thus, it is not possible for this study to comment on the main reason driving the past and future changes in circulation shown in Fig. 11 . Future studies should be performed to clarify this issue once the data are available for analysis.
Finally, we examined the simulated and projected changes in vertically integrated moisture flux convergence, denoted as (-Ñ × Q), to explain the moisture supply for the extreme precipitation intensity over Taiwan, following Huang et al. (2016c) . Here, the calculation of the convergence of vertically integrated moisture flux [denoted as (-Ñ × Q)] is based on Eq. (2) as follows:
1 300 dp
where V denotes the horizontal wind vectors, q is the specific humidity, g is gravity, and p is the pressure level (Chen et al. 1988) . As revealed in Figs. 12a and 12b, both HiRAM-WRF and MRI-WRF simulations at the present-day show that the water vapor flux is convergent from nearby regions to Taiwan, and it provides the moisture supply for the formation of extreme precipitation over Taiwan. For the future changes (Figs. 12c, d ), HiRAM-WRF and MRI-WRF have both projected more (less) water vapor flux will converge into western (eastern) Taiwan. In association with the water vapor flux changes, extreme precipitation will be more (less) intense over western (eastern) Taiwan.
According to Banacos and Schultz (2005) , the moisture flux (-Ñ × Vq) can be separated into -V × Ñq (advection term) and -qÑ × V (convergence term), e.g., -Ñ × Vq = -V × Ñq -qÑ × V. By examining the variables associated with precipitation changes over areas near Taiwan, many studies have shown that -Ñ × Vq is mainly dominated by its related convergence term (e.g., Huang et al. 2015) ; similar findings are also revealed when we separate Figs. 12c and 12d into related advection and convergence terms (not shown). By examining the projected changes in vertically integrated specific humidity [i.e., q_vint = 1 300 g q dp p s ∫ ( ) ], we note that the future change of q_vint is positive for all of eastern and western Taiwan (see Figs. 13c, d) . In other words, the change in specific humidity (i.e., q) is unlikely to be responsible for the "east-west difference" of sign change in (-qÑ × V). This implies that the east-west difference in (-Ñ × Q) (Figs. 12c, d ) is not mainly caused by the spatial changes in moisture (Figs. 13c, d ) but rather by the spatial changes in wind circulation (Figs. 11c, d ). The projected increase in the low-level moisture amount (Figs. 13c, d ) is important in determining the magnitude of (-qÑ × V) as well as the associated magnitude of (-Ñ × Q) (Figs. 12c, d) . In other words, the changes in low-level moisture may play an important role in determining whether the changes in moisture flux convergence are significant or not. In summary, it is suggested that the east-west contrast revealed in the projected changes of occurrence frequency and intensity of Mei-Yu season extreme precipitation over Taiwan are the local responses to the projected changes in large-scale wind circulation and (-Ñ × Q) over the East-Asian monsoon region.
Conclusion
This study examines the simulation and future projection of Mei-Yu season extreme precipitation activities over Taiwan based on the dynamical downscaling simulations using WRF driven by HiRAM and MRI (denoted as HiRAM-WRF and MRI-WRF, respectively). From the present-day simulations (1979 -2003, historical run) , our analyses show that the use of a dynamical downscaling approach (i.e., HiRAM-WRF and MRI-WRF) is more capable than the use of the original global models (i.e., HiRAM and MRI) in simulating the intensity (i.e., PR90) and frequency (i.e., R90N) of extreme precipitation over Taiwan. In particular, similar to the observations, HiRAM-WRF and MRI-WRF can capture the feature with more intense and more frequent extreme precipitation revealed over the central mountainous areas than the other subregions of Taiwan, while HiRAM and MRI cannot. A possible explanation for the better skill of HiRAM-WRF and MRI-WRF in capturing the extreme precipitation activities in Taiwan is attributed to the fact that the topography used in the dynamical downscaling simulation is closer to the real observed topography.
For the future projections (2075 -2099, RCP8.5 scenario), when considering the changes over Taiwan as a whole (i.e., the area-averaged values), HiRAM-WRF and MRI-WRF both project that the Mei-Yu season precipitation will become more frequent and more intense in the future than in the present; however, the projected changes do not pass the significance test. By contrast, when considering the regional differences, HiRAM-WRF and MRI-WRF both project that Mei-Yu season extreme precipitation will increase over western Taiwan but decrease over eastern Taiwan, with most of the areas passing the significance test. The occurrence frequency and intensity of extreme precipitation over the agricultural regions of southwestern Taiwan are projected to significantly increase (more than 25 %) in the future than in the present. Furthermore, examinations on the related maintenance mechanisms show that the regional difference in the projected changes of extreme precipitation over Taiwan is a local response to the future changes of low-level wind circulation and moisture convergence over the East-Asian monsoon region. Notably, this is the first study to present the regional difference in the projected changes of Mei-Yu season extreme precipitation with a focus over the agricultural regions of Taiwan. This information is particularly important for the local community when considering long-term plans for different areas in preventing the potential damage caused by the extreme precipitation changes under global warming. In addition to the criterion of the 90th percentile (Fig. 7) , we also tested the criterion of the 95th percentile (Fig. 14) , and the projected changes are similar between each other, suggesting the findings of this study are robust. However, it should be noted that the projected changes might be different if different emission scenarios are used (e.g., Shiogama et al. 2010; Wang et al. 2017 ). Additionally, due to the possibility of a difference between the projected changes of large-scale atmospheric circulation between the middle and late 21st century, the projected changes might be different between the middle and late 21st century (e.g., Kim et al. 2018) . Further studies are recommended to clarify these issues (different emission scenarios and different simulation periods) in the near future.
